Abstract Plasma source performance parameters, including plasma ejection density and velocity, greatly affect the operation of a short-conduction-time plasma opening switch (POS). In this paper, the plasma source used in the POS of Qiangguang I generator is chosen as the study object. At first the POS working process is analyzed. The result shows that the opening performance of the POS can be improved by increasing the plasma ejection velocity and decreasing the plasma density. The influence of the cable plasma gun structure and number on the plasma ejection parameters is experimentally investigated with two charge collectors. Finally a semi-empirical model is proposed to describe the experimental phenomenon.
Introduction
Plasma opening switch (POS) is a key switching element used in inductive energy storage pulsed-power systems. Its performances are mainly determined by its plasma source behavior. Although high power POS has recently been used in China, its plasma source performance parameters (e.g. the plasma density and ejection velocity) have been studied so little that the design and improvement of POS are to some extent hindered [1∼5] . In this paper, the plasma source of a short-conductiontime POS is chosen as the study object, and influence of the cable gun structure and number on plasma source performance has been investigated.
Influence of the plasma source performance on the POS behavior
The plasma opening switch (POS) in Qiangguang I generator is a short-conduction-time POS. Operation of this kind of POS is well described by erosion model [6] . According to the model, breaking current of the POS is in direct proportion to the product of the plasma ejection density and velocity.
In our analysis, the influence of the plasma source performance parameters on the POS behavior has been calculated. First, assume the product of the plasma ejection density and velocity to be a constant to keep the breaking current at 450 kA steadily. Then change the velocity from 1.5×10 4 m/s to 4.0×10 4 m/s to calculate the switch resistance increasing rate, current transmission efficiency, load voltage, and energy transmission efficiency with different plasma source performance parameters. Fig. 1 shows the equivalent circuit of the POS and the load. Equation derived from the circuit has been solved by Runge-Kutta algorithm [6] . The circuit equation is:
where V 0 is the traveling wave voltage of the pulsed power generator, L 0 is the inductance of the magnetically insulated transmission line, R S is the equivalent impedance of the POS, R L is the equivalent impedance of the diode load, and Z 0 is the characteristic impedance of the transmission line. The POS impedance is determined by erosion model [6, 7] . And the diode impedance is described by parapotential flow model [6] .
where r 0 is the cathode radius of the diode, d is the distance between the cathode and anode, U L is the diode voltage, and I L is the diode current. The result of the calculation, as shown in Fig. 2 , shows that four calculated parameters are positively correlated with the plasma ejection velocity. And the performance of the POS can thus be improved theoretically by increasing the plasma ejection velocity and adaptively reducing the plasma ejection density. The analysis described above shows that the plasma source performance parameters have a great effect on the operation of a POS. So it is necessary to study the effect of plasma source structure on the source performance.
Experimental setup
In the experiment, a cable gun array with 92 cable guns is used as the plasma source. The guns are uniformly fixed on the POS anode with screw thread as shown in Fig. 3 . Fig. 4 gives the cross section of the cable gun, where d is the distance between gun core tip and muzzle plane. When drive capacitor discharges, surface flashover will take place between the gun core tip and the POS anode, and plasma is produced by heating, gasification, and ionization.
Fig . 5 shows the plasma source drive circuit. Period of drive current is about 9 µs, and 92 cable guns are driven by a capacitor of 4 µF. To get a uniform drive current of each gun, an inductance of 1.36 µH has been applied in front of each gun. In the experiment, two charge collectors were used to measure the plasma source performance parameters. Location of the charge collectors is shown in Fig. 3 . Charge collector 1 is 5 mm closer to cable gun muzzles than charge collector 2. The half spike time difference of the collectors was measured to get the plasma ejected velocity. Fig. 6 shows the charge collector and measurement circuit. When plasma is injected into the collector, because of the bias voltage, only one polarity particles can be collected to produce a voltage signal shown on the oscillograph. Relation between the signal amplitude (V s ) and the plasma source performance parameters is given as:
here n is the plasma ejection density, v is the plasma ejection velocity, and K is the sensitivity of the measurement (K =1. It seems that the plasma velocity is a constant at the beginning of plasma ejection. The interaction of the plasma flow with the metal cathode may result in plasma stagnation, so that near the cathode surface the plasma density is higher [1] . In this paper, the signal amplitude of collector 2 which is closer to the cathode was used to calculate the plasma density. The influence of the cable gun structure on the plasma source performance has been studied by changing the gun structure parameter (d) from 5 mm to 0 mm. Table 1 shows the experimental results. As shown in Table 1 , plasma ejection density (n) is positively correlated with d and plasma ejection velocity (v) is negatively correlated with d. Parameter d of the plasma source used in Qiangguang I generator is 5 mm. To improve the POS performance, it should be changed to 0 mm. Although the product of the plasma ejection density and velocity decreased a little after modification, it could be compensated by increasing the cable gun number or the drive voltage. 
Plasma ejection parameters with different gun numbers
Influence of the cable gun number on the plasma source performance has been investigated by changing the gun number N from 92 to 46 with the same drive voltage. And two types of cable gun structure have been compared, one is d=0 mm, the other is d=5 mm. Experimental results are shown in Table 2 .
Define n 46 and n 92 as the plasma density with N =46 and N =92, respectively. According to Table 2 , there is:
When N changed from 92 to 46, the current of one gun doubled. Define I 0 as the current of one gun, n 0 as the ejection density of one gun, and function of n 0 and I 0 as n 0 (I 0 ). According to (5), there is:
it means that the increasing rate of n 0 is less than that of I 0 . Comparing plasma ejection velocity with different cable gun structure, change of plasma ejection velocity ( v) with d=0 mm is greater than the other, indicating that the cable gun structure for d=0 mm is more sensitive to the drive current.
Plasma ejection parameters with different drive currents
Plasma source drive voltage has been changed from 15 kV to 30 kV with N = 92 and d = 5 mm, to research the influence of drive voltage to plasma ejection parameters. As shown in Table 3 , the ratio between plasma 
n 15 , n 20 , n 25 and n 30 are the plasma densities with different voltages.
Compare the influence of the cable gun number on plasma ejection with that of the drive voltage. When N is changed from 46 to 92, the plasma ejection density increases by 67%, as shown in Table 2 . When the drive voltage is raised from 15 kV to 30 kV, the plasma ejection density just increases by 25%, as shown in Table 3 . The plasma ejection parameters are more sensitive to the change of cable gun numbers.
Cable gun model
A. E. RODRIGUEZ has proposed a model to explain how cable gun structure and drive current affect plasma ejection velocity [8] . In the model, the rate of plasma mass addition is assumed to be proportional to the drive current, and the plasma ejection velocity is determined by conservation of momentum:
whereV is the acceleration of the plasma ejection velocity,Ṁ is the rate of plasma mass addition, F hy is the hydrodynamic force, F B is the magnetic force and F ic is the friction. Structure of the cable guns used in Qiangguang I generator, as shown in Fig. 5 , is different with the model. According to Fig. 4 , surface flashover took place between the gun core tip and the POS anode, producing an axial arc which would not pushed by its own magnetic field. So Eq. (8) is changed to:
Only the cable gun with d=0 mm is similar to the model. It forms a radial arc which would be influenced by magnetic force. That is why the cable gun structure d=0 mm is more sensitive to the drive current, as described in section 4.2. And thanks to the influence of friction, the plasma ejection velocity is negatively correlated with d, as described in section 4.1.
A. E. RODRIGUEZ's model can explain how cable gun structure and drive current affect plasma ejection velocity; however the model predicting the plasma density is in direct proportion to the drive current is not true. In this paper, ejected plasma mass is assumed to be in direct proportion to the Joule heat produced by the drive current. So it is critical to build an arc model to determine the function of arc current and the heat.
According to the arc column model proposed by ELENBAAS and HELLER [9, 10] , there are three equations to determine the function. The first one is voltagecurrent equation:
where σ is the arc conductance which is function of the arc temperature T . The second is the conservation of energy, which means that the heat produced by arc current equals to the heat absorbed by isolator, i.e.
The third is the rule proposed by STEENBECK. If the radius of the column arc is a constant, there is:
Solution of these three equations is given by:
where m is defined by:
Function of σ and S is determined by the plasma composition. Due to the complex composition of the plasma produced by surface ablation, function curve is irregular and cannot be described by an analytic expression. But if Eq. (15) is just used to describe a little part of the function curve, parameter m could be a constant. For the driving voltage 25 kV, assume the peak current of a cable gun is I 0 . The cable gun number changes from 92 to 46, so the peak current of a gun is doubled. The drive current changes from I 0 to 2I 0 with the arc temperature changing from T 1 to T 2 , assume that in the extent of T 1 to T 2 , m is a constant m 0 . According to Eq. (10) and Eq. (15), when the cable gun drive current is I 0 or 2I 0 , the Joule heat absorbed by isolator is Q 1 or Q 2 . Their ratio is:
According to Table 2 , the ratio between the plasma densities with different cable gun number is:
where n 46 and n 92 are the plasma ejection densities with cable gun number N=46 and N=92. Because the plasma mass is in direct proportion to the Joule heat, there is:
Solution of Eq. (19) is:
So the relation between plasma density n and drive current I is:
According to Table 3 , when plasma source drive voltage changed from 15 kV to 30 kV, and drive current of a gun changed from 272 A to 543 A, the ratio between plasma densities at different drive voltages is: 
It shows that the plasma density measurement is close to the theory value when drive current of a gun is in the range of 272 ∼ 543 A.
Conclusion
In this paper, POS working process has been discussed at first. The result shows that the opening performance of the POS can be improved by increasing the plasma velocity and reducing the plasma density.
Experimental results show that the plasma ejection density is positively correlated with the parameter d, and the plasma ejection velocity is negatively correlated with d. Increasing rate of plasma ejection density is less than the rate of drive current.
A. E. RODRIGUEZ has proposed a model which can explain how cable gun structure and drive current affect plasma ejection velocity and plasma density. Then a semi-empirical model has been proposed in this paper, based on the arc model proposed by ELENBAAS and HELLER. It shows that when the drive current of a gun is in the range of 272 ∼ 543 A, the plasma ejection density is in direct proportion to the 0.26 power of the drive current.
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